Abstract: Although the cell cycle machinery is essentially linked to cellular proliferation, recent findings suggest that neuronal cell death is frequently concurrent with the aberrant expression of cell cycle proteins in post-mitotic neurons.
INK4 family (p16, p15, p19 and p18) specifically inhibits Cdk4 and Cdk6. The expression and content of cell cycle proteins are regulated by transcription, translation and degradation, specifically by ubiquitination in proteasomes [1, 5, 6] .
Progression along the cell cycle phases can be prevented
by pharmacological inhibitors such as flavopiridol which inhibits all Cdks and arrests cells at the G1/S or G2/M transition, and roscovitine which displays selectivity toward Cdks1, 2, 5, 7 and 9, competing for the ATP-binding site [7] [8] [9] .
Significance of cell cycle marker expression in mature neurons
Numerous studies have provided evidence that cell cycleassociated mechanisms contribute to neuronal death in various pathological conditions including target deprivation [10, 11] , DNA damage [12] , excitotoxicity [13] and exposure to amyloid β protein (Aβ) [14] [15] [16] . Furthermore, aberrant cell cycle reentry has been implicated in neuronal death during stroke and trauma [17, 18] , epilepsy [19] , amyotrophic lateral sclerosis (ALS) [20] , Parkinson's disease (PD) [21] and Alzheimer's disease (AD) [22] [23] [24] [25] [26] [27] [28] [29] [30] .
For a long time it was thought that neurons would cease going through the cell cycle process lastingly once they have differentiated. However, certain evidence has suggested the neuronal ability of reactivating the cell cycle machinery along cellular life , although some studies have shown that in post-mitotic neurons, experimentally driving the cell cycle results in cell death rather than in cell proliferation [10, [12] [13] [14] [15] . This late attempt to bring about cell cycle reentry has frequently been found to be associated with neuronal death. Rb, a tumor suppressor typically arresting the cell cycle at the G1 phase, is expressed during pathological neuronal death. Studies in transgenic Rb -/-mice have shown that DNA synthesis is accompanied by neuronal apoptosis in the central nervous system (CNS) and the peripheral nervous system (PNS) [31] [32] [33] . In fact, Rb is proposed as an essential gatekeeper of cell cycle reactivation and possibly neuronal apoptosis in the CNS [34] . Cell cycle-related proteins are expressed in neurons exposed to repairable DNA damage, implying a relationship between the cell cycle machinery and DNA repair processes in postmitotic neurons [35] . Terminally differentiated neurons are highly susceptible to oxidative DNA damage, and repair of double-strand breaks in neurons exposed to H 2 O 2 is accompanied by phosphorylation of Rb protein by cyclin Cassociated kinase, which induces the transition from G0 to G1 phase. In other words, cell cycle reentry represents the need of resting cells to activate DNA repair mechanisms [36] . [37] .
Another attractive hypothesis concerning an alternative role of cell cycle machinery links cell cycle protein expression with brain plasticity. In this regard, formation and continuous reshaping of synapses are necessary events in neurons that have withdrawn from the cell cycle.
Expression of cell cycle-related proteins in terminally differentiated neurons has been associated with physiological functions beyond cell cycle particularly in the control of microtubule-based mechanisms of neuroplasticity [38] .
Schmetsdorf et al. [39] have demonstrated constitutive neu- Cdks1, 2 and 4 are associated with the axonal microtubuleassociated protein tau, and these cyclin/Cdk complexes exhibit kinase activity towards tau [38] . These findings suggest that the presence of cyclin complexes with CDKs in mature neurons may reflect their role in network stabilization and regulation of cytoskeleton dynamics during morphogenetic adaptation, and that tau, in addition, may act as an important phosphorylation target. Moreover, it has been proposed that to maintain synaptic connections, neurons must permanently withdraw from the cell cycle to activate molecular mechanisms primarily developed to control proliferation, in order to influence synaptic plasticity [40] . [41] . ERK phosphorylates and stabilizes c-Myc, a transcription factor that induces the expression of cyclin D1 and suppresses expression of Cdkis [42] . Over-expression of Ras in mature cortical pyramidal cells results in significant enlargement of pyramidal neuron size and increases in the complexity and spine density of dendritic trees leading to cortical expansion [43] .
These results suggest that the mitogenic Ras pathway not only controls proliferation in cycling cells but also regulates neuronal plasticity in differentiated neurons. the SCF family of ubiquitin ligases and the anaphasepromoting complex/cyclosome (APC/C) [6, 44] . Interestingly, APC/C Cdh1 and APC/C Cdc20 are recently implicated in axonal growth and dendrite morphogenesis, respectively. Since plasticity events in the CNS depend on de novo protein synthesis and protein degradation, APC/C complex is also shown to be involved in learning and memory function [45] .
Other pioneering studies have shown that Cdh1 knock-in in cultured cerebellar granule neurons causes a specific increase of axonal growth without affecting the size of dendrites [46] .
Thus, novel and unusual biological functions of proteins in cell cycle regulation and progression in post-mitotic neurons have been described. These essential cell cycle regulators participate at different developmental stages, including neuronal migration, axonal elongation, dendrite morphogenesis, synaptic maturation and adaptation of neuronal networks.
Long-term changes of synaptic strength in response to neuronal activity require active transcription and protein synthesis, and may be controlled by Cdh1, Cdc20, ORC, and the Polo-like kinases (PLKs) that participate in cell cycle progression [3] . Moreover, Cdk5, a kinase highly active in post-mitotic neurons, seems to be involved in cell cycle suppression when it is located in nucleus [47] , and controls a variety of complex neuronal functions such as learning and memory-associated synaptic plasticity [48] .
Taken together, the present evidence indicates that the main molecular components that control the orderly progression along the cell cycle may participate not only in the dynamic organization of neuronal networks and DNA repair mechanisms of damaged neurons, but also in the erroneous conversion of plasticity and repair signals into pathological cell cycle reactivation processes and neuronal death.
Mechanism of cell death during cell cycle activation
As mature neurons do not divide, activation of a neuronal cell cycle seems to be abortive in many cases, with a final outcome being the initiation of apoptosis or of neuronal dysfunction. The association between an apoptotic stimulus and the reactivation of cell cycle machinery in mature neurons remains to be elucidated, although the activation of Cdk4, a Cdk involved in the G1 stage, seems to be essential for neuronal death [49] . Recently, 3 different models of apoptotic neuronal death have shown the involvement of the transcriptional co-regulator Sertad 1 in Cdk4 activation to initiate the cascade that causes Rb hyperphosphorylation and of proapoptotic genes [50] . On the other hand, cytoplasmic Cdk5 appears to retard neuronal death by a mechanism probably involving the anti-apoptotic protein Bcl2. Cdk5 may act in 2 ways depending on its location within neurons: in the nucleus it suppresses the cell cycle, and in the cytoplasm it transiently delays cell death [51] .
As has been mentioned, high expression levels of cell cycle Cdks, their cyclin partners and Cdkis have been detected in several neurodegenerative conditions. Furthermore, expression of these cell cycle proteins is not a direct consequence of death because the specific inhibition of Cdks can prevent death of cultured neurons induced by DNA-damaging agent exposure, trophic factor deprivation [52] and ischemic damage in vivo [53] .
At the G1/S transition, for instance, E2F1 is able to initiate the apoptotic mechanism of cell death, directly activating the expression of the human tumor-suppressor protein p14 ARF, which binds to the Mouse double minute-2 (MDM2)-p53 complex and prevents p53 degradation, leading to cell cycle arrest or apoptosis [54] . In another case, unrestrained E2F1 activity forces cell entry to the S phase and promotes apoptosis-upregulating death effectors such as the apoptotic protease-activating factor (Apaf) [55] and several caspases [56] . Contrariwise, a dominant negative form of E2F1 can block the activity deprivation-induced cdc2 transcription and thus prevent apoptosis in cerebellar granule cells [57] .
Recently, the mitotic kinase Cdk1 has been implicated in neuronal apoptosis in postmitotic neurons through the phosphorylation of the forkhead transcription factor (FOXO1), a protein involved in cell death and DNA repair [58] . Moreover, the proapoptotic protern Bcl-2 antagonist of cell death (BAD) has been identified as a direct target of Cdk1-mediated phosphorylation and activation [59] .
The aforesaid evidence supports the proposition that neuronal cell cycle reentry is also a component of a wellregulated response to stress signals, which may ultimately lead to neuronal death.
Activation of cell cycle regulators in apoptosis mediated by the lack of neuronal activity and/or deprivation of neurotrophic support
During normal brain development, the absence of trophic signals derived from either lack of neuronal activity or deprivation of neurotrophic support is a major cause of neuronal apoptosis. In cultured neurons, apoptosis induced by nerve growth factor (NGF) deprivation is accompanied by changes in cyclin expression and Cdk activity [60, 61] . Besides, the use of cell cycle inhibitors promotes cell survival in sympathetic neurons deprived of serum and in PC12 cells lacking NGF but only before the G1/S transition point [62] .
The staggerer mouse is a useful model for the study of neuronal death induced by lack of trophic signals. The staggerer mutation consists of a deletion in RORα gene, which encodes the retinoic acid-related orphan receptor alpha. As a result, Purkinje cells do not develop completely, nor do they form synapses with cerebellar granule neuron axons [63] . In consequence, the inferior olive population of cerebellar granule cells and neurons die, almost certainly resulting from the loss of target-dependent trophic signals from the Purkinje cells [64] . Apoptosis of the inferior olive granule neurons is preceded by increased expression of cyclin D, the proliferating cell nuclear antigen (PCNA), and cell cycle markers of the G1 and S phases, respectively [10] .
In relation to activity deprivation, it is known that cerebellar granule neurons undergo apoptosis when they lack membrane-depolarizing concentrations of KCl. In 2003,
Konishi et al. [57] defined a novel apoptotic mechanism whereby E2F1 selectively couples an activity deprivation-induced signal to Cdk1 transcription in the absence of stimulating DNA synthesis, thus culminating in Cdk1-mediated apoptosis of post-mitotic granule neurons in the developing cerebellum.
These findings suggest that the lack of neuronal activity or deprivation of neurotrophic support leads to the activation of cell cycle regulators and thus culminates in apoptosis of postmitotic neurons (Fig. 1) .
Cell cycle reactivation in AD
AD is the most frequent dementia in the old and is stress, and most recently, cell cycle reactivation. However, the initial events that precipitate neurodegeneration during AD are still under debate.
The implication of reactivation of the cell cycle in AD were initially obtained from the analysis of AD brain tissues, which showed expression and activation of cyclin B and Cdc2 in differentiated neurons [24, 25] . It has been proposed that Cdc2 activity contributes to the formation of amyloid plaques and neurofibrillary tangles. The cyclin B/Cdc2 complex derived from the AD brain can phosphorylate tau [24] , which is essential for neurofibrillary tangle formation.
Moreover, it is known that amyloid precursor protein (APP)
is phosphorylated in vitro by Cdc2, favoring the production of amyloid fragments [65] . These data strongly support a direct link between cell cycle reactivation and the 2 major histopathological markers of AD.
In 1997, Nagy et al. [23, 66] described the expression of
Ki-67 (a protein present in dividing cells along the G1, S and G2/M phases), cyclin E and cyclin B in vulnerable
regions of AD brain, particularly in the hippocampus.
Although cyclin E expression was also detected in some neurons from age-matched control subjects (suggesting that ectopic cell cycle markers occur even in neurons from healthy aged subjects), its increase was significantly accentuated in patients with AD. Moreover, cyclin Breactive nuclei in neurons from AD were also positive for hyperphosphorylated tau in AD-related epitopes [23] . Later, another study reported the presence of the cyclin D/Cdk4 complex, PCNA and cyclin B expression in regions with abundant neuronal loss such as the hippocampus and the entorhinal cortex (EC) [25] . Thus, the lack of control of cell cycle regulators is postulated as a source of regionally specific neuronal death in AD.
Considering that Aβ seems to play an important role in AD, whether Aβ is involved in the abnormal cell cycle reentry observed in AD, and if the Aβ-induced oxidative stress and cell cycle activation are related to each other are interesting issues to be investigated. Recent evidence suggests that DNA oxidative damage induced by Aβ can lead to cell cycle reentry. Cultured neurons exposed to Aβ 1-42 or its active fragment Aβ 25-35 express G1 markers: phospho-Rb and the complex Cdk4/6, which is accompanied by neuronal death [15] . Another study reported that blocking the G 1 / S transition by a cyclin D antisense or dominant-negative mutant of Cdk2 prevented Aβ-induced apoptosis [14] .
However, controversies exist on the significance of Aβ-induced cell cycle reactivation and whether cell cycle reactivation is a cause or a consequence of neuronal damage. A recent study in the triple transgenic mice model of AD reported no cell cycle reactivation induced by Aβ or tau pathology whereas in a model of neuronal death, cell cycle reactivation was linked to acute neuronal loss [67] . On the other hand, intracerebroventricular injection of Aβ induced phospho-Rb and PCNA expression mediated by Cdk5 overactivation [68] .
Using the fluorescent in situ hybridization (FISH)
technique, Yang et al. [69] described that in brains of AD patients, hippocampal and basal forebrain neurons have 4 separate genetic loci replicated on 3 different chromosomes. They conclude that in AD neurons, mitosis is not initiated and cells remain aneuploid before they die, suggesting that this imbalance contributes to the neuronal loss in AD. This is the first report of DNA replication in a neurodegenerative condition. Recently, increased aneuploidy of chromosomes 17 and 21 has been also observed in buccal cells of AD patients, as well as in aged subjects over 64 years [70] .
Further evidence supports that neurons in AD reenter the cell cycle and progress through the S phase activating a specific component of the DNA replication machinery (MCM2 protein), producing cell cycle stasis with the consequent expression of AD markers and the subsequent neuronal degeneration [71] . In AD, accumulating evidence indicates that although vulnerable neurons proceed as far as DNA replication and entry into the S phase can be demonstrated in dying neurons, progression through the M phase has never been reported. This incomplete process results usually in stasis, dysfunction and death, and has been called "abortosis" [72] . Although the presence of binucleated neurons has been reported [73] , no cytokinesis has ever been described, consistent with the idea that susceptible neurons may be arrested at the G2/M transition before they die. At this point, activated Cdk1 can phosphorylate tau [24, 74] . Therefore, abnormally increased level of phosphorylated tau may be explained in the perspective of an effort to modulate G2 neuronal architecture and prepare it for mitosis [75] . In addition, Cdk1 can phosphorylate and activate the pro-apoptotic BAD protein, linking the cell cycle to the programmed cell death mechanisms [59] .
Interestingly, the brain regions with a high vulnerability to neuronal loss during AD and with marked reexpression of several cell cycle proteins are those with a high degree of plasticity, supporting a link between altered brain plasticity and neurodegeneration [76] .
Although significant progress has been made to understand the ethiopathological mechanisms of AD, there is still a lack of a comprehensive theory, and thus research has been conducted to unravel alternative hypotheses to gain insight into the mechanisms underlying neuronal differentiation and plasticity. As brain plasticity depends on continuous synaptic reshaping, plasticity molecules involved in this process are constantly secreted and may contribute to synaptic modifications and neuronal cell cycle reactivation [77] . Loss of synaptic input reduces the activation of post-synaptic neurons which could be interpreted as a lack of trophic support, and drives neurons to exit from the G0 phase. This pathological cell cycle reactivation would be particularly frequent in circuits submitted to high rates of synaptic adjustments such as the perforant pathway that connects the EC with the dentate gyrus (DG) of the hippocampus, which is particularly vulnerable in AD.
However, the role of mitogenic stimulation may be interpreted in 2 facets: a transient lack of neuronal activity could turn on cell cycle and induce its progression to the G1 phase, while on the other hand, permanent mitogenic stimulation could induce cells to arrest the cell cycle in advanced phases such as G2 and S, and induce a hypermitogenic state in which AD markers (Aβ and phosphorylated tau) may appear and disseminate (Fig. 1) .
Consistent with this hypothesis, our research demonstrated that after loss of synaptic contact between 2 interconnected areas, the EC and the DG, by excitotoxic damage of the hippocampus, several cell cycle proteins of the G1, S and even G2 phases were found to be up-regulated in the EC. In addition, we described the progressive expression of 2 AD-related proteins, phospho-tau identified by PHF-1 and APP, which reached higher levels immediately after the increase in G1/S phase markers [11] . Similarly, we found that after deafferentation of DG neurons by exci- Particularly in several stroke models, there is evidence that
Cdks are activated and required to initiate the apoptotic cascade [78] .
Available data suggest that cell cycle-associated mechanisms are linked to the process of neurodegeneration in PD. Expression of cell cycle proteins such as phosphorylated Rb protein and E2F1, as well as DNA synthesis, has been observed in postmortem samples of PD patients [21, 79] . A mutation in the ubiquitin ligase Parkin is an identifiable cause of familial PD. Interestingly, Parkin deficiency increases the level of cyclin E and promotes apoptosis during kainate-mediated excitotoxicity in postmitotic neurons [80] . Other genes that underlie familial forms of PD have also been linked to cancer or implicated in cell cycle regulation, such as ubiquitin C-terminal hydrolase (UCHL1) which presumably contributes to the degradation of Kip1, also known as cyclin-dependent kinase inhibitor 1 B (CDKN1B) [81] . In a rat model of PD induced by 6-hydroxydopamine (6-OHDA), over-expression of Cdc2 was found in dopaminergic neurons of the substantia nigra [82] , and in PC12 cells, 6-OHDA-induced oxidative stress was accompanied by expression of several markers of cell cycle reactivation [83] . In addition, in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse model of PD, the use of flavopiridol, a general Cdk inhibitor, or expression of a dominant-negative of Cdk5 can provide neuroprotection to some extent [84] .
Also worth mentioning is the finding of dysregulation of the cyclin system in postmortem human brain and spinal cord in ALS [85] . More recently, using microarray analysis in single motor neuron in the SOD1 transgenic murine model of familial ALS, researchers found a significant increase in the expression of cyclins D2, E2, and I [86] . Finally, over- expression of cyclin D1 and the transcription factor E2F1 in striatal neurons has also been described in Huntington's disease [87] .
In order to determine the exact role of cell cycle reentry in neuronal dysfunction and death observed in many neurodegenerative diseases, Lee et al. [88] 
